This book chapter discusses the syntheses of various nanomaterials, for green nanotechnology applications in detail. Special attention is given to the development of emerging areas, such as environmental as well as energy materials. Various approaches for preparing nanostructured photocatalysts, such as titanium dioxide, zinc oxide, iron oxide, and metal sulfides, different conventional methods and novel methods, including
Introduction
Environmental pollution due to anthropogenic activities has become a serious problem for developing and developed countries in the world. Pollution has affected various plants and animals in the ecosystem, as well as humans around the world. Therefore, there is a need for techniques to remediate the polluted environment. Photocatalytic oxidation using semiconductors as catalysts has become an attractive candidate as a green technology for environmental applications, such as water cleaning (1), air purification (2) , and soil remediation (3) ever since Fujishima and Honda (4) discovered the photoinduced water cleavage of TiO 2 . Photocatalysis has been employed to degrade toxic organic compounds, dyes, pesticides, volatile organic compounds, harmful gases, and bacteria (3, (5) (6) (7) (8) (9) in different media. Therefore, photocatalysis has been intensively studied over the last two decades as a clean and green process to decompose pollutants in the environment. Recently, nanomaterials have received significant attention for environmental and energy applications because their size, shape, crystallinity, and surface can provide unique physical and chemical properties, such as high surface area, well-defined structure, high dispersibility, and high reactivity (10, 11) .
Intensive research efforts have been focused on the development of novel nanostructured materials. Many nanostructured materials, such as titanium dioxide, zinc oxide, iron oxide, metal sulfide, have been synthesized with different techniques, including sol-gel methods, hydrothermal methods, and chemical deposition methods (12) (13) (14) (15) . Green nanotechnology has the potential to help us to obtain desirable materials with low toxicity and cost, high chemical and thermal stability, and high degradation activity for environmental remediation (12, 13) . This chapter will discuss the syntheses of various nanomaterials and their environmental and energy applications. In addition, selectivity issues of TiO 2 photocatalysis and reactive oxygen species during photocatalysis will be discussed.
Preparation of Nanomaterials for the Green Nanotechnology
There are many approaches to creating nanostructured materials. With respect to materials such as titanium dioxide, zinc oxide, and iron oxide, conventional approaches include sol-gel (16) , chemical vapor deposition (CVD) (17) , pyrolysis (18) and hydrothermal treatment (19, 20) . The sol-gel approach will be emphasized in detail, but brief introductions to the other conventional methods will be provided, and new developments will be addressed later.
All the synthesis methods have the end goal of creating a high-purity product. To reach this end, however, each method exploits different aspects of chemistry. For example, the CVD method for creating ceramics involves the transport of gaseous metal halides with gaseous oxygen, carbon, nitrogen, or boron depending upon the desired product (21, 22) . This transport is done above a heated substrate upon which the solid material can deposit. One alternative to CVD is spray pyrolysis. In spray pyrolysis, solutions containing precursors (e.g., TiCl 4 for titanium or NH 4 F for nitrogen/fluorine) are atomized by a nebulizer. The droplets undergo pyrolysis while passing through a high-temperature container. Collection of the generated powders can be done on a ceramic filter at the container's terminal. (23) . Another high-temperature approach is called hydrothermal treatment. In hydrothermal treatment, synthesis of a new material is performed under elevated temperature and pressure conditions in a sealed vessel (24) . In this case, formation behavior occurs according to a liquid nucleation model. One final synthesis approach, the sol-gel approach, allows for great customizability in the final titania product.
The sol-gel process was thoroughly reviewed by Hench and West in 1990 (25) . Two major benefits of the sol-gel process include increased purity and homogeneity in comparison to conventional synthesis methods for ceramics. Hench and West describe a "sol" as a liquid containing dispersed colloids; however, it is pertinent to include nanoparticles in addition to colloids. "Gel" implies a rigid network of interconnected pores (size < 1 μm). The sol-gel is approach is thus a wet-chemistry based approach. In preparing the sol-gel, precursors are selected and supplied to control the various desired product parameters (surface area, roughness, dopants, etc.). The final solid product can be obtained by subsequently calcining in a furnace. During this calcination process, volatile species in the sol-gel are removed, leaving the desired product in good purity.
TiO 2 Photocatalyst
As described above, various methods are capable of synthesizing various ceramic products. One commonly synthesized ceramic product of interest is titanium dioxide. This semiconductor is a photocatalyst with a band gap of 3.2 eV (4, 26) . Examples of applications include air and water remediation, anti-fogging glass, cancer treatment, and solar cells (27, 28) . Effectiveness of a given application may be optimized by the synthesis method chosen. Examples of parameters of titanium dioxide that can be optimized for various applications include, but are not limited to: crystal phase, band gap, surface area, porosity, roughness, and particle-size distribution. The sol-gel approach has enough flexibility to allow for many parameters to be altered simultaneously.
To begin, photocatalytic effectiveness is strongly correlated with adsorptive capabilities of the catalyst for a given contaminant. The adsorptive efficacy of a surface is a function of film properties such as surface area, porosity, and roughness, amongst other factors. TiO 2 surface area may be increased during the sol-gel process by incorporating a surfactant (29, 30) , which can simultaneously tailor pore size and porosity to meet various needs. This tailoring occurs at a sufficient surfactant concentration, the critical micelle concentration (CMC). At the CMC, the surfactant will form micelles in solution, which act as a scaffolding of sorts around which the titania framework forms. The framework stays in place during and after calcination even as the surfactant is removed by heat. The inclusion of a surfactant also offers an opportunity for doping.
When a photocatalyst is doped with impurities, the effective band gap can be decreased. As mentioned earlier, conventional TiO 2 has a band gap of 3.2 eV. This requires an incident photon whose energy corresponds to ultraviolet light. UV light only accounts about 5% of the solar spectrum; therefore, it is beneficial to decrease the effective band gap and extend the activity to a large portion of the solar spectrum (30) . Pelaez et al. used a nonionic fluorosurfactant (Zonyl FS-300), which not only controlled adsorptive qualities, but also lent fluorine atoms to the final structure (30) . In this study, a non-surfactant doping method was included as well, ethylenediamine, which acted as a nitrogen source. The final product was N, F-codoped titania, with a band gap of 2.75 eV. Other non-metal dopants have been employed such as sulfur (31) and carbon (32) . Metallic dopants, both transition metals and rare earth metals, have been used with success as well, including Fe (33), Cr, Mn, and Co (34) , and rare earth metals (La, Ce, Er, Pr, Gd, Nd, Sm) (35) . Figure 1 shows the effect of doping on the photoexcitation mechanism of TiO 2 . An additional factor that has influence on band gap and activity is the crystal phase. Titania has several possible crystal phases: anatase, rutile, and brookite. If a titania sample is not one of the above phases, it is amorphous. Although rutile titania has a smaller band gap (3.0 eV), anatase titania offers higher adsorptive capability for organic compounds and also has lower recombination rates (36) . Therefore, anatase is commonly considered the preferred phase. Crystal phase can be altered in a calcination step. Rutile is generally the most common phase at high temperatures (T >~1000 K), and at lower temperatures, crystallinity will depend strongly on not only temperature, but also particle size (37) .
Particle size in prepared samples generally is not a well-defined value, but rather it is a distribution of values. However, work to develop relatively monodisperse titania has been successful through the addition of salts and polymers (38) . Han et al. (39) employed a simple approach that involved altering the concentration of calcium chloride in solution. With this method, particle size was inversely proportional to calcium chloride concentration. Such a method allows for nanotoxicology researchers to do toxicity studies on novel nanoparticles while controlling for size effects.
Beyond particle size, band gap, crystal phase, surface area, and similar structural properties, research has also explored the possibility of decorating titania. Decorating, not be confused with doping, involves the addition of a metal, such as silver (40) , gold (41) , copper (42) , and platinum (43) to the external surface of the titania. Using silver as an example, Srisitthiratkul et al. (40) decorated particles by dispersing titania particles in solution (1g L -1 ) with sonication for 10 minutes and subsequently adding 0.1 g L -1 silver nitrate with stirring for another 10 minutes. The benefit of decorating with silver comes from silver's antimicrobial activity. They observed antimicrobial behavior by Ag-decorated TiO 2 in the absence of light, whereas control TiO 2 demonstrated no such behavior.
Metal Oxide and Metal Sulfide Photocatalysts
Other metal oxide and metal sulfide nanomaterials, such as ZnO, Fe 2 O 3 , CdS, and ZnS, have been employed as photocatalysts for the degradation of organic contaminants (12, (44) (45) (46) . To synthesize those nanomaterials, various methods, such as chemical bath deposition, hydrothermal treatment, ball milling, and sol-gel method, has been employed. A brief synopsis of several synthesis methods was provided in the previous section 1.
Zinc oxide (direct band gap of 3.37 eV) has been intensively studied over the past few decades due to its broad applications in solar cells, sensors, light-emitting diodes, and photocatalyst (44, (47) (48) (49) . ZnO nanoparticles were synthesized by a ball milling method using a conventional ball mill with chemical reactions, which were activated mechanically during the grinding. The average particle size of synthesized ZnO nanoparticles ranged from 20 to 30 nm (50). Ao et al. (51) and Shen et al. (52) reported that particle size depended on the milling time and the temperature of heat treatment. The particle size decreased with increasing the milling time while it increased at higher heat treatment temperature. In order to improve the physical and chemical properties of ZnO and enhance the photocatalytic activity of ZnO, much research effort has been focused on the control of materials' morphology. Various nanostructured ZnO nanomaterials, such as nanowire, nanorods, nanotubes, and nanodisks, have been synthesized (44, (53) (54) (55) (56) . ZnO nanowires for photocatalytic application were synthesized by a modified carbothermal reduction method at 1150°C (44) . A large amount of well-crystallized nanowires with an average diameter of 33 nm were obtained. Eighty percent of source ZnO powders converted to ZnO nanowires within 5
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min. In addition to nanowires, the synthesis of ZnO nanotubes, nanorods, and nanodisks has been reported in order to enhance the photocatalytic reactivity. Lu et al. (53) obtained ZnO nanotubes by thermal oxidation of Zn nanowires. In the furnace chamber, Zn nanowires were first deposited on Si substrates, and then the nanowires were oxidized at different temperatures ranging from 400 to 700°C under a pressure of 20 Pa. At 400°C, well-defined, crack-free ZnO nanotubes with 60-130 nm in outer diameter and 30.7 m 2 g -1 BET surface area were synthesized. Different ZnO nanotubes were synthesized by a chemical bath deposition method (54) . Firstly, ZnO nanoparticles prepared by a sol-gel method were immobilized on fluorine doped tin oxide glass substrate. The solvent on the substrate was removed by heat treatment. Then, the substrate was suspended to grow ZnO nanotubes in a solution of 0.1 M zinc nitrate hexahydrate and 0.1 M methenamine at 75°C for 3h. The substrate was rinsed with deionized water, immersed into 0.3 M KOH solution at 80°C for 1h following drying at 100°C for 1h. Highly vertically-aligned, hexagonal ZnO nanotube arrays with6 50 nm in diameter were obtained. In addition, the synthesis of ZnO nanorods and nanodisks by a sol-gel method has been reported (55, 56) . To obtain ZnO nanorods, NaOH, zinc acetate, manganese acetate, and sodium dodecyl sulfate were used. ZnO nanorods with 7-10 nm in diameter and 200-300 nm in length were grown in the presence of sodium dodecyl sulfate (SDS) as soft template at room temperature (55) . The diameter of nanorods decreased with an increase in the molar ratio of Mn/OH in the solution. However, the diameter increased when the ratio reached a certain level. 2 , Zn(CH 3 COO) 2 , (NH 2 ) 2 CS (thiourea), and deionized water was autoclaved at 120-180°C for several hours. BET surface area and bandgap increased with increasing molar ratio of Zn/Cd. Zn doping enhanced photocatalytic activity and improved the stability of CdS.
In comparison with CdS, ZnS has relatively large bandgap (3.6 eV), which is a limitation to utilize the visible light portion of the solar spectrum. Therefore, UV light sources were employed to activate ZnS photocatalysts. Hu et al. (15) synthesized ZnS nanoporous nanoparticles by a solution-phase thermal deposition route in the presence of poly(N-vinyl-2-pyrrolidone). The spherical monodisperse nanoparticles with 60 nm diameters and large BET surface area (156.1 m 2 g -1 ) were obtained. Ren et al. (64) prepared ZnS microspheres consisting of interwoven nano-sheets by hydrothermal conditions using NaOH. The primary particle size (3 nm to bulk) and nanostructure (compact microspheres to nanosheets) were significantly influenced by NaOH concentration.
Novel Methods for Preparation of Nanomaterials through Green Technologies

Microwave-Assisted Processing
The microwave oven was invented by Dr. Percy Spencer after the Second World War from the radar technology developed for the war. The development of a magnetron to generate microwaves of a definite frequency was the most significant step in this invention. Domestic microwave ovens appeared in the consumer markets in 1950. However, microwave technology was not employed in inorganic material synthesis until the late 1990s. It was revealed in 1996 by Komerneni and co-workers that, under similar processing circumstances, preparation of hematite by a microwave hydrothermal reaction is 36 times faster than the conventional hydrothermal synthesis (65) . The use of the microwave in chemistry has been seen to improve yields, selectivity and allows conversions that would otherwise be impossible. Since then microwave-assisted synthesis is becoming a widespread method to synthesize organic and inorganic nanostructured materials. The major advantage of this technology is that no further annealing is required for developing crystalline materials. Microwave processing is found to be significantly faster compared with the synthesis using a conventional chamber furnace. Researchers at the Dublin Institute of Technology, Ireland have recently developed (Patent publication number WO/2009/113045 A2) a microwave-assisted synthesis of mesoporous titanium dioxide with high surface area (250 m 2 g -1 ), small particle size (15 nm) and excellent visible-light activity (up to four times higher than commercial samples) (66) . Research into microwave-assisted preparation of nanomaterials has been studied for its effectiveness against more traditional methods. It has been seen that the majority of the other preparation methods such as sol-gel methods require high temperatures (450-1400°C) and a longer processing time, typically six to eight hours, to obtain crystalline particles, whereas with the addition of the microwave in the preparation, temperatures as low below 250°C can be used to produce quality crystalline TiO 2 (67) . The efficiency of hydrothermal processing in the preparation of particles can be seen in the reduction of time taken to prepare highly crystalline particles as it allows for rapid heating and extremely rapid kinetics of crystallization. Compared to sol-gel processing, the microwave-assisted technique offers an energy efficient, eco-friendly, rapid and convenient method of synthesizing doped and undoped metal oxides such as TiO 2 (68), CuO nanoparticles (69) and copper sulfate nanorods (70) . An industrially viable method for the preparation of mesoporous titania nanomaterials for NanoChromic display device applications by the use of microwave processing was reported (66) . Spherical aggregates of nanocrystalline titania materials were rapidly prepared using titanium butoxide, deionized water and alcohol at comparatively low microwave power intensity (300 W) for 2 min irradiation ( Figure 2 ). The samples prepared via microwave process using an 2.45 GHz industrial microwave oven, CEM Mars 5 ( Figure 3 ) showed a surface area up to 240 m 2 g -1 , which was significantly higher than similar traditional sol-gel or commercial samples (40 m 2 g -1 ). The development of materials that can utilize visible light (>400 nm) is essential for the effective exploitation of solar energy-driven photocatalysis. Photocatalysis is a reaction that uses light to activate a substance that modifies the rate of a chemical reaction without being involved itself and the photocatalyst is the substance which can modify the rate of chemical reaction using light irradiation. Like above, microwave irradiation can be used in the preparation of visible-light active (VLA) materials which can be used to break down contaminants of interest. Photocatalytic anatase TiO 2 has been formed by using a mixed solution of tetrabutyl titanate, hydrogen fluoride (HF) solution and additional water at 200°C for 30 min in a rapid synthesis using microwave-assisted hydrothermal treatment (71) . TiO 2 nanostructures of various morphologies have been prepared using microwave irradiation as its synthesizing technique. These different patterns are seen to all have different photocatalytic responses when tested for their degradation abilities against methylene blue under ultraviolet light. They also are seen to have a superior photocatalytic rate when compared to the industry standard, Degussa P25 TiO 2 (72) . A simple microwave-irradiation method has been seen in the making of silica-coated ZnO nanoparticles. These were characterized by X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FT-IR), high-resolution transmission electron microscopy (HR-TEM), CHN elemental analysis and zeta potential measurements for the presence of Zn, O and Si. These particles have certain photocatalytic properties, where the silica effectively inhibits the photocatalytic activity of the ZnO nanoparticles (73) . The use of microwave irradiation has the ability to effectively reduce time and energy used in the making of many different nanomaterials in the area of nanoscience.
Sonochemical Methods
Advanced research into the chemical effects of ultrasound radiation has been a rapidly growing research area for the last two decades. An ultrasonic reaction occurs when ultra-sound waves are irradiated in a liquid phase. During such an occurence, intense local heating and high pressure are produced (hot spots). These local hot spots initiate and propagate high-energy chemical reactions. There are potentially many benefits to using ultrasonic technology as a strategic synthetic method for making nanomaterials at a low temperature. A number of investigations using ultrasound radiation to synthesize ceramic materials have been explored with potential uses in materials science. For example, the materials group at Trinity College Dublin, prepared superparamagnetic γ-Fe 2 O 3 nanoparticles by using ultrasonic irradiation of an Fe(II) alkoxide derivative (74, 75) . There have been many other studies carried out in the field of sonochemistry in relation to nanoparticles. Sonochemical decomposition of Fe(CO) 5 was carried out in the presence of various surfactants, resulting in the production of stable colloids of undecenoate, dodecyl sulfonate, and octyl phosphonate coated Fe 2 O 3 nanoparticles with a diameter of 5-16 nm (76) . The use of sonochemistry in relation to the synthesis of nanomaterials has been seen to have several effects on the particles produced. One such effect is the different morphologies it can produce and its ability to control the shape of chemicals such as PbWO 4 nanostructures (77), Zn(II)bis(1-(2-pyridylazo)-2-naphthol) (Zn(PAN) 2 ) complex nanorods (78), porous Cu 2 O nanospheres (79), and single-crystalline PbF 2 nanorods (80). Increasing ultrasound irradiation power can also be seen to decrease the particle size of nanoparticles such as ZnO (81) . Nanosize ZnO was similarly prepared using a simple synthesis method using zinc acetate as a precursor and 1, 3-propanediol as a solvent using ultrasound sonication (82) . Previously, a novel sonochemical process in which the hydrolysis of tetraisopropyl titanate, a titanium alkoxide, under high-intensity ultrasonic irradiation (20 KHz, 100 W cm -2 ) at 90°C for 3 hr was used to directly prepare anatase nanocrystalline TiO 2 (83) . The above results show that sonochemical processing has the ability to produce functional materials at a low temperature in a shorter time compared to conventional synthetic methods.
Applications of Nanomaterials for the Green Nanotechnology
Water, Air, and Soil Remediation and Energy Application
Most formal definitions of nanotechnology revolve around the study and control of phenomena and materials at length scales below 100 nm. In October 2011 the European Commission adopted the definition of a nanomaterial as a natural, incidental or manufactured material containing particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the particles in the number size distribution, one or more external dimensions is in the size range 1 nm -100 nm (84). Today, nanotechnology efforts are centered at controlling matter at near-atomic scales to produce unique or enhanced materials, products and devices, optimizing the fabrication processes, proposing innovative solutions for environmental remediation/protection, enhancing the perspectives for optimum exploitation of renewables and contributing to economic development. In addition, there is an important trend of increasing societal concerns about the safety aspects of nanomaterials and rational use of related products. Aimed at answering the above questions and building on existing work on green chemistry and engineering, green nanotechnology is almost as broad as nanotechnology, aiming at developing technology (made in a green way) that can tackle environmental and energy challenges, for example with new solar energy and water treatment technologies (85).
Advanced Oxidation Processes Involving Innovative Nanocatalysts for Environmental Repair
Nanotechnology can guarantee cleaner drinking water providing important achievements that constitute the basis for a sustainable and cost-effective, solar energy technology for water treatment (86) . Very recently, special interest was expressed in exploiting solar energy and recent advances in nano-engineered titania photocatalysts and membranes for the destruction of extremely hazardous compounds in water (87), including novel emerging pollutants (pharmaceuticals, toxins, hormones) of high environmental and health impact (88) (89) (90) . Thus, the synthesis of highly reactive TiO 2 photocatalysts has been reported by means of an efficient sol-gel method combined with the removal of larger aggregates, proper aeration and optimization of the calcination temperature (88) . In addition, an innovative sol-gel synthesis based on the self-assembling template method has been also applied to synthesize mesoporous anion doped TiO 2 with N-F, S and C hetero-atoms using suitable surfactants and reagents, to improve simultaneously the structural, morphological and electronic properties of TiO 2 nanomaterials and achieve anion doping of titania with high visible light photo-induced reactivity (31, 88, 89) . Co-doping of TiO 2 by N and F anions was achieved by a modified sol-gel method using a nonionic fluorosurfactant, as pore template material and fluorine source combined with ethylenediamine as nitrogen source (91) . Moreover, the synthesis of m-modified TiO 2 was optimized using combustion sol-gel synthesis employing urea as nitrogen source (92) . The evaluation of the photocatalytic activity of the above nanostructured catalysts for water detoxification from cyanotoxin compounds released by cyanobacteria blooms (e.g. microcystin-LR/MC-LR, one of the most common and toxic congeners) as well as taste and odor pollutants released by cyanobacteria, geosmin (GSM) and 2-methylisoborneol (2-MIB) was performed using UVA, solar and visible light (93) . This work was further expanded to water detoxification by endocrine disrupting compounds (EDCs) such as bisphenol A and 17β-estradiol (94) . Finally, composite carbon nanotubes/titania nanostructures were developed on well-aligned carbon nanotubes (CNTs) produced by means of chemical vapor deposition (CVD) using surfactant-stabilized Fe 3 O 4 particles and anodized alumina disks as templates. All these innovative approaches have been implemented by integrating extensive R&D efforts spanning a wide range of interdisciplinary activities from the development of novel nanomaterials and membranes to reactor engineering and analytical methods for water pollutants of emerging concern as well as pilot plant scale studies and cost analysis for water purification (95) (96) (97) .
Besides the establishment and validation of methods for detection of emerging contaminants, nanotechnology also permits the development of smart instruments (sensors). Thus, an innovative multi-walled carbon nanotube (MWCNT) electrochemical biosensor was developed (98) for monitoring MC-LR in drinking water supplies. This novel approach was devised relying on the combination of the work carried out on the functionalization of carbon nanotubes with the MC-LR analytical determination. Using innovative sol-gel chemistry and electrochemistry, UV and visible-light responding nanostructured titania based catalysts can be developed that are highly-efficient in photoinduced multi-dynamic processes. This comprises advanced oxidation processes with applications outside the field of water detoxification including self-cleaning photoinduced superhydrophilicity (99) and self-sterilizing (100) as well as atmospheric depollution from volatile organic compounds (VOCs) and nitrogen oxides (101). Thus, optimized N, F-TiO 2 films were exploited as immobilized photocatalysts for air purification and specifically in the photocatalytic oxidation of NOx gas pollutants under UV and visible light, exhibiting very efficient photocatalytic activity under visible-light excitation (102) . A maximum percentage of NO removal equal to 24.2 %, one of the best reported up to now for visible-light photocatalysis, was reported together with excellent stability and reproducibility in successive light on-off experiments. Moreover, very promising photocatalytic materials (ECT-1023t, GOT composites and N-TiO 2 ) embedded into polymeric aerogel type hollow fibers (95) were applied for NOx and volatile organic compounds (VOCs) abatement in air in a continuous-flow photocatalytic air treatment process in which the gas stream was forced to flow through the pore structure of light transparent fibers in contact with the photocatalysts.
Besides water and air remediation, advanced oxidation processes and especially photocatalysis are also capable of organic pollutants removal in soil. In a recent study (103) , a pulsed-discharge plasma-TiO 2 catalytic (PDPTC) technique was proposed to investigate the remediation of p-nitrophenol (PNP) contaminated soil, by combining TiO 2 photocatalysis and nonthermal discharge plasma, where catalysis of TiO 2 is driven by the pulsed discharge plasma. In addition, removal of alkylphenols from polluted sites using surfactant-assisted soil washing and photocatalysis was observed, in the presence of TiO 2 dispersions irradiated with simulated solar light (104).
Combating Climate Change
Although there is no single solution to the challenge of reducing greenhouse gas emissions, nanotechnology can help to combat climate change by improving efficiency and bringing new energy sources (developing low-carbon forms of energy) to the market. This represents an enormous opportunity for the international community. A recent report lists five areas where nanotechnology can make a difference: fuel additives to increase the efficiency of diesel engines; photovoltaic technology for solar cells; the hydrogen economy and fuel cells; batteries and supercapacitors for energy storage; and improved insulation for houses and offices (105) .
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Nanotechnology offers the promise of better solar cells. In fact, based on a process mimicking natural photosynthesis in plants that separates the reaction centers of light absorption and charge transport/storage processes, easily processable and cost-effective solar cells (dye-sensitized solar cells-DSCs) can be developed, based on the dye-sensitization approach (106, 107) . In this device, the active photoelectrode consists of a thin layer of mesoporous nanostructured wide band-gap semiconductor (TiO 2 has been almost exclusively used as a semiconductor in high performance DSCs) deposited onto a conducting substrate and a monolayer of a visible light-absorbing dye chemically adsorbed onto the nanoparticles of the semiconductor. This new type of nanotechnology-based third generation photovoltaic (hybrid organic-inorganic) currently presents power conversion efficiencies (η) of the order of 12% (108, 109) . Coordinated efforts including the participation of partners from both academia and private companies are now under intensive investigation at a global level, in order to endow the device with a solid character as well as with enhanced life time and stability, features that make this technology a very promising alternative to classical solid state PVs (110-112).
Photocatalytic Disinfection of Water
Water is an important natural resource and safe drinking water is vital for human existence and good quality of life. Clean water resources are becoming depleted due to population growth, over-use of resources and climate change. Since the adoption of the Millennium Development Goals (MDG), the WHO/UNICEF Joint Monitoring Programme for Water Supply and Sanitation has reported on progress towards achieving Target 7c: "reducing by half the proportion of people without sustainable access to safe drinking water and basic sanitation" (112) . It was reported that, as of 2010, the target for drinking water has been met; however, 780 million people are still without access to an improved drinking water source. Many more are forced to rely on sources that are microbiologically unsafe, leading to a higher risk of contracting waterborne diseases, including typhoid, hepatitis A and E, polio and cholera (113) (114) (115) (116) . Although the MDG drinking-water target refers to sustainable access to safe drinking water, the MDG indicator -"use of an improved drinking water source" -does not include a measurement of either drinking water safety or sustainable access. This means that accurate estimates of the proportion of the global population with sustainable access to safe drinking water are likely to be significantly lower than estimates of those reportedly using improved drinking water sources. It is estimated that, at the current rate of progress, 672 million people will not use improved drinking water sources in 2015. It is likely that many hundreds of millions more will still lack sustainable access to safe drinking water.
Piped-in water supplies are a long term goal and interventions to improve water supplies at the source (point of distribution) have long been recognized as effective in preventing waterborne disease. Recent reviews have shown household-based (point-of-use) interventions to be significantly more effective than those at the source for the reduction of diarrhoeal diseases in developing 213 regions (possibly due to contamination of water between collection and use). As a result, there is increasing interest in such household-based interventions that can deliver the health gains of safe drinking water at lower cost (116) . Household water treatment and safe storage (HWTS) is one option for improving the quality of water for consumption within the home, especially where water handling and storage is necessary and recontamination is a real risk between the point of collection and point of use. Limitted access to nearby sources, unreliable piped supplies and reliance on rainwater are all factors that make household storage a necessity. Living conditions in many humanitarian crises also call for effective HWTS. The practice of household water treatment and safe storage can help improve water quality at the point of consumption, especially when drinking water sources are distant, unreliable or unsafe. However, HWTS is a stop-gap measure only and does not replace the obligation of a service provider to supply access to safe drinking water. Household water treatment (HWT) methods include boiling, filtration, adding chlorine or bleach, and solar disinfection.
In 2008, Clasen and Haller reported on the cost and cost effectiveness of household based interventions to prevent diarrhoea (117) . They compared: chlorination using sodium hypochlorite following the "Safe Water System" (SWS) developed and promoted by the US Centers for Disease Control and Prevention (CDC); gravity filtration using either commercial "candle" style gravity filters or locally fabricated pot-style filters developed by Potters for Peace; solar disinfection following the "SODIS" method in which clear 2 L PET bottles are filled with raw water and then exposed to sunlight for 6 -48 h ( Figure 4) ; and flocculation disinfection using Procter & Gambles PUR® sachets, which combine an iron-based flocculant with a chlorine-based disinfectant to treat water in 10 L batches. They concluded that household-based chlorination was the most cost-effective. Solar disinfection was only slightly less cost-effective, owing to its almost identical cost but lower overall effectiveness. Given that household-based chlorination requires the distribution of sodium hypochlorite, solar disinfection has a major advantage in terms of non-reliance on chemical distribution.
Sunlight is freely available on Earth and the combined effects of heat and UV from the sun can inactivate pathogenic organisms present in water. Of course, there are a number of parameters which affect the efficacy of the solar disinfection (SODIS) process, including the solar intensity, temperature, and the level and nature of the contamination (some pathogens are more resistant to SODIS than others). One approach to SODIS enhancement is the use of heterogeneous photocatalysis.
In In most studies, the hydroxyl radical is suggested to be the primary species responsible for microorganism inactivation. Some researchers have examined the role of other reactive oxygen species, such as H 2 O 2 and O 2 •-in disinfection (123) . Reactive oxygen species cause fatal damage to microorganisms by disruption of the cell membrane and/or by attacking DNA and RNA (119) . Other modes of action include damage to the respiratory system within the cells (124) . Some researchers have attributed cell death to lipid peroxidation of bacterial cell membrane (125) (126) (127) . The peroxidation of the unsaturated phospholipids that are contained in the bacterial cell membrane causes loss of respiratory activity (124) and/or leads to a loss of fluidity and increased ion permeability (126) . This is suggested to be the main reason for cell death. Other researchers suggested that the cell membrane damage can open the way for further oxidative attack of internal cellular components, ultimately resulting in cell death (128) .
The photocatalyst (most commonly TiO 2 ) can be used as an aqueous suspension or it may be immobilized on a supporting substrate. Most studies report that suspension reactors are more efficient due to large surface area available for the reaction and no mass transfer limitations (129, 130) . The main drawback of using nanoparticles in suspension is the requirement for post-treatment separation and recycling of the catalyst, making the treatment more complex and expensive. Treatment systems utilizing immobilized TiO 2 have gained more attention. There are a range of methods available for the preparation of immobilized photocatalyst films on supporting substrates (129) .
It is clear from the literature that photocatalytic disinfection is more effective than UVA treatment alone (131-134) . However, scale-up and testing under real 215 sun conditions may show different results depending on the reactor configuration and on the model organism being tested. For example, Alrousan et al. tested solar photocatalytic (SPC-DIS) and solar disinfection (SODIS) of water at pilot scale using different reactor configurations with and without immobilized TiO 2 (Evonik Aeroxide P25). The model organism used was E. coli. The use of compound parabolic collectors improved the SODIS and SPC-DIS of water, however, the improvement was less significant compared to the improvements reported previously for SODIS in static batch reactors. Kinetic fitting yields a log-linear component (1st order rate constant). The following order was found for k where coated refers to TiO 2 coating and the equals sign indicates no significant difference; uncoated external -coated internal ≥ double coated tube ≥ uncoated double tube. It is known that E. coli is inactivated by SODIS and it may be a 'soft' target for comparing the effectiveness of SODIS vs SPC-DIS. Nevertheless, photocatalysis presents advantages in terms of the non-recovery of inactivated organisms and the inactivation of SODIS resistance organisms (135) .
Conventional TiO 2 is a UV absorber and will only utilize the around 4% of the solar spectrum. Much research effort has been placed on increasing the solar efficiency of TiO 2 by doping to shift the optical absorption towards the visible region of the electromagnetic spectrum. Different approaches have been attempted including doping the TiO 2 with metal ions. According to the literature, one of the more promising approaches to achieve visible light activity is doping with non-metal elements as reported in the previous section. However, the number of publications concerning the photocatalytic activity of these materials for the inactivation of microorganisms is limited. The UV activity of undoped TiO 2 may be greater than the visible light activity of a doped material. Therefore, for solar applications, the efficiency should be tested under simulated solar irradiation or under real sun conditions. Rengifo-Herrera and Pulgarin reported on the photocatalytic activity of N, S co-doped and N-doped commercial anatase (Tayca TKP 102) TiO 2 powders towards phenol oxidation and E. coli inactivation (136) . However, these novel materials did not present any enhancement as compared to Degussa P-25 (now Evonik Aeroxide P25) under simulated solar irradiation. They suggest that while the N or N, S co-doped TiO 2 may show a visible light response, the localized states responsible for the visible light absorption do not play an important role in the photocatalytic activity.
More research is required to determine if visible-light active materials can deliver an increase in the efficiency of photocatalysis under solar irradiation. Improvements in photocatalytic reactor design could make this technology available at low cost for the solar disinfection of water in developing regions.
Selective Photocatalysis for the Decomposition of Target Contaminants
Selectivity Issue in TiO 2 Photocatalysis
Photocatalysis has become a major discipline and research area due to the mutual enrichment of researchers in many different fields. Since the photocatalytic process is governed by a free radical mechanism, it is characterized 216 with non-selective attack on organic chemicals in water. Decomposition rate of many organic molecules was reported to be more or less similar (137) . The non-selectivity of the process sounds great since re-designing photocatalysts is not required for the decomposition of a certain contaminant. However, the poor selectivity also implies that the oxidation does not differentiate between highly toxic contaminants and less toxic contaminants in water (138) . When a new TiO 2 photocatalyst is synthesized, its reactivity is evaluated with a probe chemical in pure water to compare it with a benchmark catalyst (e.g., Degussa P-25 TiO 2 nanoparticles) and mechanisms for the enhanced reactivity are also investigated (139) . This is a common practice in the area. However, an important issue has been invoked: would the catalyst work for the decomposition of such a probe chemical in natural water matrix containing co-existing chemicals, in particular natural organic matter (NOM)? Typical source water contains low concentrations of highly toxic organic substances (e.g., anthropogenic chemicals) together with high concentrations of less toxic naturally present organic matter (i.e., NOM). As shown in Figure 5 , the non-selective nature of TiO 2 photocatalysis comes under criticism when the process is applied for water treatment to finally polish the effluent from treatment plants. Target contaminants have to compete with abundant NOM for catalytic sites and hydroxyl radicals (140) . The nonspecific sorption of NOM inhibits the sorption of target chemicals and also contributes to fouling of the catalyst surface. These significantly decrease the oxidation rate of target chemicals.
Current Strategies for Selectivity Enhancement
Prevention of the nonspecific sorption and oxidation of coexisting organic chemicals at the TiO 2 surface (e.g., NOM, organic interferents, proteins, microorganisms, and any organic chemicals other than target chemicals) is of interest (141) (142) (143) (144) (145) (146) (147) . Operational parameters, including temperature, pH, residence time, solvent, and UV wavelength, can change the degradation ratio of more than two competing chemicals (138) . Methods for synthesizing new TiO 2 materials with controlled physical and chemical properties (e.g., particle size, crystal size and phase, and surface structure) can also provide many pathways to the preferential oxidation (138) . Photocatalysts can also be specially designed for selectivity. This includes doping with noble metals, coating with a specific material, impregnation onto inert organic/inorganic domains, and chemical imprinting (138, (144) (145) (146) (147) . Mixing activated carbon and TiO 2 particles was found to increase the degradation rate of phenol (148) . Coating photocatalysts with a material that has specific affinity towards a certain contaminant (or a group of contaminants) can decompose the target contaminant selectively. In most cases, coating materials are molecules which have hydrophobic moieties to accommodate sorption of hydrophobic contaminants (149) . There is a sorption-and-shuttle approach, where sorption of contaminants on organic or inorganic domains located closely to TiO 2 is followed by their diffusion from the adsorptive sites to the photocatalytic sites (146) . Predesigned immobile organic molecular recognition sites can also be introduced to inert domains in the vicinity of photocatalysts to facilitate the selective adsorption (150 is to imprint cavities of target molecules on the TiO 2 surface (151). However, all of the approaches are either too general or too specific to practically apply to water treatment (note Figure 5) . For example, when TiO 2 is modified to increase hydrophobicity, it adsorbs and decomposes preferentially a group of hydrophobic contaminants. When TiO 2 is functionalized with a chemical marker towards a specific contaminant, it exhibits an ultimate selectivity only to the contaminant. When a target changes, the chemical marker should be replaced accordingly. The chemical functionalization is case-specific and it is also not an easy task. Only few studies aiming at achieving preferential photocatalytic degradation in mixed streams, have been reported. 
Prospects and Research Direction
Selective decomposition of target chemicals can be achieved by controlling their preferential transport to the TiO 2 surface, considering the heterogeneous nature of the catalytic process. Selection by size has been researched by developing innovative photocatalytic materials with well-defined specific porous structures (147, (152) (153) (154) . As an example, incorporation of TiO 2 particles into sheet silicates of clay was suggested (152) . Only molecules that are smaller than the distance between adjacent sheet layers are allowed to contact with the incorporated TiO 2 (153) . Similarly, TiO 2 nanoparticles are grafted onto the surface of mesoporous silicates (154) . They can also be encapsulated with a porous SiO 2 shell, where molecules larger than the pore size of a SiO 2 shell (e.g., macromolecules and NOM) are excluded from the physical contact with core TiO 2 particles (155). In many cases, however, the encapsulated TiO 2 catalysts exhibit low reactivity due to limitations in light penetration and mass transfer. Detailed research studies are needed to find ways of enhancing both the selectivity and the reactivity of such composite materials, including precise control of the mesoporous and microporous structure of a shell, fabrication of an ultrathin and uniform layer with high mechanical stability, encapsulation of individual TiO 2 particle with a shell, and introduction of a void space between core particles and a shell layer. As discussed, common approaches for the size exclusion have required introduction of a secondary material with a well-defined porous structure. Selection of the second material might have been based on the easiness of processing and controlling its porous structure. This can be explained by the 218 wide use of silicates in many applications (147, 154) . Meanwhile, there has been no attempt to use porous TiO 2 photocatalysts for the size exclusion. This is because synthesis and control of the porous structure of TiO 2 is not as easy as that of SiO 2 . A pure TiO 2 catalyst with an engineered porous structure, when properly designed, is expected to work for the size exclusion, without introduction of any other complex physical and chemical modifications or aids. This would comply with the green engineering and chemistry principle. An engineered TiO 2 photocatalyst with controlled properties through innovative material design and processing can serve as an excellent green material for the selective destruction of target contaminants in water.
Reactive Oxygen Species (ROS) in
Semiconductor Photocatalysis
Generation of ROS
Semiconductor photocatalysis has shown tremendous promise for the environmental remediation of an extensive number of pollutants and toxins in water and air streams. Photoexcitation of a semiconductor material can promote an electron from the valence band (VB) to the conduction band (CB) resulting in an electron-hole pair. In competition with recombination the electron can act as a reducing entity and the hole as an oxidizing entity. The VB and CB positions are critical to the effectiveness and economic feasibility of semiconductor photocatalytic materials for water purification. The energy difference between the VB and CB dictates the wavelength of irradiation required for photoexcitation. Large band gaps require higher energy UV irradiation, while semiconductor materials with smaller band gaps can be photoexcited with lower energy visible light irradiation. Photoexcitation with visible light has a significant economic advantage because of the high cost associated with generating the UV light required for activating materials with large band gaps. Doping of TiO 2 materials can extend the absorbance into the visible light range, but the semiconductor photocatalytic reaction pathways initiated by UV and visible light can involve significantly different processes (156) . Another critical factor is the oxidation and reduction potential of the hole and electron (band position). The VB and CB positions as well as band gaps for a number of common semiconductor materials are summarized in Figure 6 (157) .
A variety of ROS can be produced during semiconductor photocatalysis. ROS are central to the semiconductor photocatalytic and advanced oxidative water treatment technologies (158, 159) . Hydroxyl radical ( • OH), superoxide anion radical (O 2 •-), singlet oxygen ( 1 O 2 ) and hydrogen peroxide (H 2 O 2 ), can be produced during semiconductor photocatalysis but the production and role of the different ROS are dependent on the photocatalyst, reaction conditions and target compound. UV TiO 2 photocatalysis has been extensively studied and hydroxyl radical is generally believed to be responsible for the primary degradation of target pollutants. Visible light initiated (VLA) photocatalysis typically does not possess the oxidation potential required for the direct formation of hydroxyl radical and thus superoxide anion radical and singlet oxygen appear to play 219 important roles in the degradation processes associated with VLA photocatalysis. Ultimately, the VB and CB positions are critical to the effective production of ROS and the economic feasibility of semiconductor photocatalytic materials for water purification. 
Roles of ROS during Photocatalysis
The actual ROS produced during semiconductor photocatalysis depends on the band edge position of semiconductors. Among the ROS, • OH is the most powerful oxidant and is primarily responsible for the degradation processes during UV photocatalysis in aqueous solution (160, 161) , and advanced oxidation technologies (162, 163) . Hydroxyl radical reacts by the addition to double and triple bonds, and aromatic rings, hydrogen-atom abstraction from C(sp3)-H bonds, and electron transfer with most organic compounds and many inorganic substrates often at nearly diffusion-controlled rates (164) . Singlet oxygen, superoxide anion radical, and hydrogen peroxide have lower oxidation potentials than hydroxyl radical, however these species can still lead to the remediation of a variety of pollutants and toxins. The lower oxidation of these species can lead to better selectivity, which can be advantageous for treatment of solutions containing innocuous substrates such as dissolved organic matter, which can compete for and quench hydroxyl radical. H 2 O 2 and singlet oxygen are generally formed as secondary oxidants but their specific impact in the UV and VLA semiconductor photocatalysis are still not clear. Singlet oxygen can be produced through a photosensitized process and from the reduction of superoxide anion radical, while hydrogen peroxide can be generated from disproportionation of superoxide anion radical and combination of two hydroxyl radicals. Hydroperoxide is commonly employed for remediation through UV/H 2 O 2 disinfection processes, Fenton-type 220 reactions and Haber-Weiss reactions. O 2 •-can act as a oxidizing or reducing agent depending on the reactivity of the target substrate. The role of O 2 •-especially in VLA photocatalysis is not well understood (165).
Measurement of ROS
Accurate determination of ROS can be challenging because of their high reactivities, short lifetimes and the requirement for specialize equipment. Direct measurement of • OH is not feasible given the short wavelength absorbance and short lifetime. Common methods for detection and measurement of hydroxyl radical include monitoring of initial reaction products, use of trapping agents and competition (166) . The formation of hydroxyl radical products with absorbance from~260-700 nm can be directly monitored by transient absorption spectroscopy and absolute rate constants can be extracted by varying the concentration of substrate. Trapping experiments and competition kinetics employ probe compounds with known hydroxyl radical selectivity and reactivities. A number of simple compounds, including t-butanol and formic acid, have been added as hydroxyl radical inhibitors during photocatalysis to access the role of hydroxyl radical in the observed degradation of a target compound. A decrease in the degradation upon addition of a hydroxyl radical inhibitor implies hydroxyl radical plays an important role in the degradation process. While inhibitors are effective for a qualitative assessment, trapping of hydroxyl radical can provide an accurate determination of the concentration and production rate of hydroxyl radical. Hydroxyl radical spin traps produce a spin adducts which can be measured by electron spin resonance (ESR) spectroscopy (167, 168) . Terephthalic acid and coumarin react with hydroxyl radical to yield adducts with characteristic fluorescence (169, 170) . These fluorescence probes are easy to use and excellent for quantification of hydroxyl radical in a variety of systems.
Singlet oxygen is in an excited state unlike the other ROS mentioned earlier. While it requires specialized equipment it is possible to measure the presence of singlet oxygen directly based on the phosphorescence at 1270 nm of the 1 Δ g state (171) . Another challenge in measuring singlet oxygen during photocatalysis is its short lifetime in aqueous media. 1,4-diazabicyclo[2.2.2]octane (DABCO), azide, and furfuryl alcohol are used to probe singlet oxygen reactions. Addition of these probes to the reaction solution will quench singlet oxygen and inhibit reactions with target substrates. The generation rate and steady-state concentration of 1 O 2 can be measured by using furfuryl alcohol as a probe (172) . Thus, simple addition of a singlet oxygen quencher can provide qualitative evidence for the involvement of singlet oxygen. Another way to probe the role of 1 O 2 during photocatalysis is to run the experiment in water and in heavy water (D 2 O). The lifetime of singlet oxygen in D 2 O is~20 times longer than in H 2 O, thus singlet oxygen mediated processes are dramatically enhanced in D 2 O compared to H 2 O. Singlet oxygen production has also been monitored by ESR spectroscopy using a trapping agent (173) .
Simple reliable colorimetric methods based on peroxidic-type reactions are commonly used for the detection of H 2 O 2 , i.e., the I 3 -method is based on the spectrophotometric determination of formed I 3 -, when H 2 O 2 is mixed with a 221 concentrated I -solution. The dimerization of p-hydroxyphenyl acetic acid and enzymatic-colorimetric method are also employed for H 2 O 2 measurement (174). Catalase has also been used to assess the involvement of hydrogen peroxide in oxidative and biological systems. The involvement of superoxide anion radical can be assessed using competition kinetics employing benzoquinone and superoxide dismutase. Electron spin resonance spectroscopy using a spin trap (175), a luminal chemiluminescent probe compound (176) , the combination of reduction of 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide and superoxide dismutase method (177) have been used to monitor the production of superoxide anion radical. While there is an extensive number of techniques for measuring and assessing the production of ROS, semiconductor photocatalysis involves heterogeneous systems, which can complicate measurements and limit the use of spectroscopic methods. Accurately determining the production and understanding the interplay among ROS generated under specific semiconductor photocatalytic conditions is critical for practical water treatment applications.
Conclusions
In conclusion, this book chapter summarizes the preparation of various nanostructured photocatalysts, such as titanium dioxide, zinc oxide, iron oxide, and metal sulfides, by conventional synthesis methods including sol-gel methods, hydrothermal methods, and ball milling methods. Novel processing technologies, such as microwave-assisted and sonochemical methods, were also described for the synthesis of different nanomaterials. By these two latter methods, desirable functional nanomaterials can be produced at lower temperature and in shorter time compared to conventional synthetic methods. With respect to the applications of nanomaterials for environmental remediation, water detoxification, air purification, and photocatalytic disinfection, as well as selectivity of TiO 2 for the destruction of target compounds, were discussed. The nanostructured catalysts efficiently degrade toxic compounds released by cyanobacteria blooms and EDCs in water. NOx and VOCs in air are efficiently removed by photocatalysis under UV or visible irradiation. For photocatalytic disinfection, semiconductor photocatalysts effectively enhances SODIS at the pilot scale and under natural sunlight conditions. In addition, the nanocrystalline titania materials are excellent candidates to develop efficient DSCs for direct solar energy conversion to electricity. The enhancement of the selectivity of TiO 2 photocatalysis through nanoscale modification and functionalization of TiO 2 photocatalysts was also described. An engineered TiO 2 photocatalyst with controlled properties through innovative material design and processing can serve as an excellent green material for the selective destruction of target contaminants in water. Finally, the formation and roles of ROS during the semiconductor photocatalysis were discussed. The production and role of the different ROS are dependent on the photocatalyst, reaction conditions and target compounds. It is critical to accurately determine the production of ROS and understand their interaction during specific semiconductor photocatalysis for practical water treatment applications. In Sustainable Nanotechnology and the Environment: Advances and Achievements; Shamim, N., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 2013.
